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OUTLINE  OF  OBJECTIVES 


The  main  rotor  elastomeric  bearings  used  on  the  Blackhawk 
model  helicopter  are  flight  critical  hardware.  It  is  imper¬ 
ative  that  their  service  life  be  predictable  and  well  known. 
Correctly  applied  elastomeric  bearings  should  degrade  grad¬ 
ually  and  give  some  visual  indication  of  their  remaining 
life.  Blackhawk  main  rotor  bearings  are  to  be  replaced  on 
an  "on  condition  basis”.  It  is,  therefore,  important  to  be 
able  to  correlate  the  appearance  of  a  bearing  with  its  remai¬ 
ning  service  life. 

Under  this  contract  two  sets  of  Blackhawk  main  rotor  bear¬ 
ings  (see  Figs.  1,  2  &  3)  will  be  endurance  tested  to  Sikorsky 

Aircraft’s  load  and  motion  specification  S.E.S.  701059  Rev. 

4.  Fig.  4,  5  &  6  show  the  proposed  blocks  of  endurance 

testing  that  will  be  used.  During  the  test  the  free  heights, 
spring  rates  and  photographic  appearance  of  the  bearings 
will  be  recorded.  The  unaccelerated  test  will  be  run  for 
the  equivalent  of  1500  hrs .  of  helicopter  flight  or  until 
a  red  line  value  is  reached  for  any  of  the  above.  Fig.  7 
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&  8  are  basic  line  drawings  of  the  existing  test  rigs  that 

will  be  used  for  this  testing.  Photographs  of  these  rigs 
are  shown  in  Fig.  9  &  10. 

Because  of  the  high  cost  of  running  full  scale  endurance 
tests,  it  is  very  desirable  that  a  method  be  developed  for 
predicting  the  service  life  of  these  bearings  and  all  mili¬ 
tary  elastomeric  bearings  in  general.  The  most  reliable 
tool  that  we  have  at  this  point  for  making  these  predictions 
is  a  complete  analysis  of  the  strain  in  the  elastomeric 
bearings  by  finite  element  analysis  (F.E.A.)  followed  by  a 
correlation  of  the  resulting  strain  histories  to  basic  en¬ 
durance  data.  Because  of  the  complexity  of  these  bearings, 
it  is  usually  found  that  some  modeling  compromises  must  be 
made  in  order  that  the  problem  can  be  handled  on  even  the 
largest  available  computers.  Our  experience  on  the  other 
hand,  shows  that  these  compromises  must  be  intelligently 
made,  for  the  results  of  F.E.A.  are  no  better  than  the 
model  from  which  they  are  generated. 

In  order  to  get  this  project  started  on  a  firm  basis,  a 
relatively  simple  endurance  test  specimen  will  be  designed. 
The  simplicity  of  this  specimen  will  allow  a  F.E.A.  to  be 
performed  with  a  fine  grid  mesh  with  relatively  few  modeling 
compromises.  This  model  will  be  used  first  to  study  modeling 
compromises  that  can  be  made  so  that  good  results  can  be 
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obtained  from  a  relatively  coarse  mesh  model.  This  skill 
will  be  needed  later  to  model  the  full  scale  Blackhawk 
elastomeric  bearings  for  F.E.A.  Next,  thirteen  endurance 
test  specimens  will  be  fabricated  and  tested  for  "first 
damage"  according  to  the  tentative  test  plan  in  Fig.  11. 

An  endurance  life  rule  will  be  generated  for  the  elastomer 
from  the  data  from  these  tests.  A  F.E.A.  will  be  made 
for  the  full  scale  Blackhawk  main  rotor  elastomeric  bear¬ 
ings  and  the  strain  history  in  the  full  scale  endurance 
test  bearings  generated.  In  generating  this  strain  history 
it  will  at  first  be  assumed  that  strains  can  be  combined 
as  time-space  vectors  and  that  "first  damage"  can  be 
predicted  by  Miner  f  s  Rule  for  accumulated  damage.  The 
basic  elastomer  endurance  life  data  previously  generated 
will  be  used  to  predict  the  main  rotor  E.B.  "first  damage" 
point.  This  "first  damage"  point  will  be  correlated  with 
full  scale  testing. 

Elastomeric  bearings  are  in  general  three-dimensional  bodies 
loaded  in  three-dimensional  space.  Because  of  computational 
limitations  it  is  usually  necessary  to  apply  a  finite  element 
program  that  was  written  to  analyze  axisymmetric  objects  of 
revolution  that  are  loaded  either  axisymmet r ically  or  by  simple 
rotational  loading  rules  such  as  a  sine  loading  rule,  but  not 
both.  These  restrictions  are  not  a  severe  handicap  in  the 
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case  of  the  thrust  bearing  and  its  loading  system  (see  Fig.  3). 
For  the  spherical  bearing  (see  Fig.  2)  it  will  not  be  possible 
to  include  a  complete  loading  system  in  any  one  computer  so¬ 
lution,  The  elastomer  strains  from  several  runs  that  form  a 
complete  loading  case  must  be  combined  as  time-space  vectors. 
This  technique  yields  useful  results  in  the  case  of  elastomer 
strains,  but  can  not  be  used  to  find  the  maximum  shell  stress 
in  the  spherical  bearing.  This  maximum  stress  has  been  found 
experimentally  with  strain  gages  to  occur  when  the  combined 
centrifugal  force  (C.F.)  and  cocking  rotation  (lead-lag  or  flap) 
is  applied  to  the  bearing. 

The  two  principal  modes  of  failure  of  elastomeric  bearings  are 
elastomer  endurance  degradation  and  metal  fatigue.  The  major 
effort  in  this  project  will  be  directed  towards  predicting 
elastomer  damage.  The  endurance  test  on  full  scale  bearings 
will,  however,  yield  valuable  endurance  data  on  metal  shells. 

To  show  the  usefulness  of  F.E.A.  in  predicting  metal  fatigue 
in  some  types  of  elastomeric  bearings  a  special  fatigue  test 
will  be  run  on  a  thrust  bearing  that  can  be  completely  ana¬ 
lyzed  . 
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BLACKHAWK  MAIN  .  ROTOR  BEARINGS  LAYOUT 
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BLACKHAWK  MAIN  ROTOR  E ■ B ■  ENDURANCE  LIFE  TEST  BLOCK 
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fig.  7  BLADE  RETENTION  BEARING  FATIGUE  TEST  STAND 
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THRUST  BEARING  FATIGUE  TEST  STAND 


SPHERICAL  BEARING 
TEST  RIG. 
FIGURE  9 
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THRUST  BEARING 
TEST  RIG. 
FIGURE  10 
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TENTATIVE  ENDURANCE  SPECIMEN  TEST  PLAN 


Test  No. 

Hours 

1 

2 

2 

3 

3 

5 

4 

10 

5 

20 

6 

30 
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50 
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100 

9 

200 

10 

300 

1 1 

500 

12 

1000 

13 

1500 

3720 

NOTE:  Loads  for  the  first  test  will  be 

estimates  based  on  the  results  of 
the  F.E.A.  of  this  part.  Loads 
for  subsequent  test  will  be 
chosen  to  obtain  a  good  distribution 
of  data. 


Fig.  11. 
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SECTION  2 


METHODOLOGY  OF  FINITE  ELEMENT 
ANALYSIS  AT  CR  INDUSTRIES 
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This  section  will  cover  the  mechanics  of  utilizing  finite 
element  analysis  that  are  currently  employed  by  CR  Industries 
The  essential  basis  for  our  finite  element  program  is  Texgap 
controlled  by  E.  B.  Becker  and  R.  S.  Dunham  at  the  University 
of  Texas  (see  enclosed  cover  sheet  for  the  program  manual 
in  Figure  1).  The  library  elements  used  for  our  work  are 
solid  two-dimensional  ring  elements  with  the  third  displa¬ 
cement  handled  by  one  of  the  following  rules  ;  plane  stress, 
plane  strain,  axial  symmetry  with  no  tangential  displacement, 
axial  symmetry  with  a  constant  tangential  displacement  and 
axial  symmetry  with  tangential  displacement  following  a 
sinusoidal  distribution. 

In  order  to  have  a  meaningful  solution  with  the  above  program 
loading  conditions  must  be  restricted  to  those  that  are 
compatible  with  the  chosen  third  dimension  displacement 
condition.  Plane  strain  and  plane  stress  problems  are  nor¬ 
mally  well  known.  With  the  tangential  displacement  set  to 
zero  problems  with  ax isymme t r ic al  models  and  loading  con¬ 
ditions  are  handled.  Constant  tangential  displacement 
handles  axial  torsion  on  an  axi symme t r i ca 1  model.  Sinu¬ 
soidal  tangential  displacements  are  used  to  handle  lateral 
loading  cases  and  non-axial  twisting  or  rotation  on  an 
axisymmet r ical  model.  Unfortunately  the  complete  set  of 
boundary  conditions  chosen  for  each  problem  case  must  be 
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totally  compatible  with  the  displacement  restriction  used-- 
combination  types  of  loadings  are  not  allowed  in  a  single 
program  run. 

The  most  useful  element  for  laminated  elastomeric  bearing 
work  is  the  "Quad11,  which  is  a  four  node  quadratic  displa¬ 
cement  solid  ring  element  that  can  handle  Poisson's  ratio 
as  close  to  \  as  desired.  Also  useful  at  times,  is  the 
MTri,f  ring  element,  which  is  a  three  node  quadratic  dis¬ 
placement  solid  element  that  also  allows  Poisson's  ratio 
to  approach  or  equal  ^ .  Other  elements  available  are 
"Quad  8",  "Liner",  "Case"  and  "Crack". 

The  program  has  a  good  mesh  generator  for  developing 
two-dimensional  nodal  points  in  both  rectangular  and 
polar  co-ordinates.  For  some  comlex  problems,  however, 
it  has  been  found  desirable  to  supplement  the  programs 
mesh  generation  with  a  pre-processing  mesh  generation 
program  that  feeds  the  main  program.  The  program  has  a 
nice  looping  feature  that  aids  in  establishing  connectivity, 
element  assignment,  material  deployment  and  establishing 
boundary  conditions.  These  features  expedite  the  generation 
of  the  two-dimensional  model  that  is  needed  for  each  problem 
solved  by  this  finite  element  program.  This  model  is  sup¬ 
plied  to  the  main  program  as  an  input  data  program. 

The  computation  work  for  our  finite  element  analysis  is 
done  on  our  IBM  370  computer  located  at  Elgin,  Illinois. 
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The  operating  system  accepts  card  image  programs  supplied 
by  a  remote  Tektronix  4051  terminal  located  at  Elk  Grove 
Village,  Illinois.  See  Figure  2  for  a  sample  input  pro¬ 
gram.  In  processing  a  job  the  main  computer  pulls  from 
storage  a  binary  copy  of  the  finite  element  program  and 
produces  a  line  printer  file  and  a  graphics  data  file. 

Both  files  are  accessible  at  Elk  Grove  Village. 

finite  element  data  is  retained  through  line  printing  done 
at  Elgin  and  graphics  data  plotted  at  Elk  Grove  Village. 

See  Figure  3  for  a  sample  element  model  plot.  A  sample  of 
the  output  stress  and  strain,  as  line  printed,  is  shown 
in  Figure  4.  The  maximum  and  minimum  stress  and  strains  are 
calculated  for  each  material.  A  sample  of  this  summary  is 
shown  in  Figure  5.  Because  of  the  tedium  of  reading  75  pages 
of  computer  line  print,  it  is  normal  practice  to  plot  the 
pertinent  strain  value  from  the  line  output  with  the  graphics 
terminal.  See  Figure  6  for  a  sample  strain  plot. 

In t e r r ea c t iv e  graphics  can  be  used  at  CR  Industries  for  model 
preparation.  The  part  to  be  analysed  is  first  drawn  on  the 
Tektronix  4051  CRT  and  into  a  data  base  by  a  CAD  (Computer 
Aided  Design)  program  (see  Fig.  7  &  8).  Auxililiary  element 
model  construction  lines  are  added  and  the  pertinent  coordinate 
points  are  queried  (see  Fig.  9)  for  use  in  the  input  data 
program.  After  the  input  data  program  is  assembled,  it  can 
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be  read  by  our  off-line  preview  program  and  a  preview  model 
generated  (see  Fig.  10,  11,  12  &  13).  This  debugging  aid  can 
save  a  considerable  amount  of  mainframe  time. 

The  following  CR  Industries  capabilities  result  in  a  power¬ 
ful  elastomer  bearing  analysis  tool: 

A)  A  finite  element  program  with  solid  elements 
for  use  with  elastomeric  material  which  have 
Poisson's  ratios  that  approach 

B)  Large  main-frame  computational  capability. 

C)  Direct  data  input  to  a  remote  terminal. 

D)  Graphics  output  both  to  a  CRT  and  hardcopy. 

E)  Interactive  graphics  input  during  model  preparation. 

F)  Off-line  verification  of  both  the  input  data  pro¬ 
gram  and  the  element  model. 

G)  Personnel  skilled  in  modeling  finite  element 
problems  and  interpreting  the  resulting  output. 
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lit  ELASTOMERIC  THRUST  BEARING  (TEST  PROGRAM  -  MODEL  2> 
2:  SETUP*  4 
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FIG.  5 
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BOND  LINE  STRAIN  FOR  AMMRC  SPECIMEN  (MODEL  2> 
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CAD  DRAWING  OF  AMMRC  FATIGUE  TEST  SPECIMEN 
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BLOW  UP  OF  FIG. 


CAD  QUERY  LOCATION 
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FIG.  10 
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FIG.  12 
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3LQW  UP  OF  FIG.  10 


ANALYSIS 


SECTION  3. 
OF  ENDURANCE 
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STRAINS 


The  previous  section  covered  the  use  of  the  finite  element 
method  to  determine  stresses  and  strains  within  a  laminated 
elastomeric  bearing.  It  was  explained  how  each  loading  case 
must  be  compatible  with  the  tangential  displacement  specified 
for  a  single  problem  run.  The  result  is  that  when  all  the 
individual  loading  cases  shown  in  the  S.E.S.  Specification 
(see  Section  1.)  are  analyzed,  the  analyst  is  left  with  a 
number  of  states  of  stress  or  strain  at  each  location  in  the 
bearing.  The  task  covered  by  this  section  is  how  to  use  this 
data  to  predict  the  life  of  the  bearing. 

The  following  discussion  will  show  a  method  for  determining 
the  life  of  an  elastomer  when  subject  to  a  spectrum  of  non- 
random  loading  cases.  For  each  loading  case  a  finite  element 
analysis  will,  in  general,  produce  several  shear  strain  re¬ 
sultants  with  similar  and/or  different  geometric  and  time 
phase  angles.  The  principal  of  superposition  will  be  used 
to  allow  these  resultants  to  be  combined.  The  usual  restric¬ 
tion  on  superposition  of  a  linear  s t r e s s - s t r a  in  relationship, 
loading  that  is  independent  of  deformation,  etc.,  of  course 
apply  here.  Fortunately  for  the  elastomer  in  a  laminated 
elastomeric  bearing  these  conditions  are  usually  met. 

In  October,  1968,  C.H.  Fagan,  Senior  R  &  D  Engineer,  Bell 
Helicopter,  Fort  Worth,  Texas,  published  in  the  American 
Helicopter  Society  Periodical,  a  5th  power  relationship 
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for  the  endurance  life  of  natural  rubber  (see  Figure  1). 
(Note,  in  this  report  y  will  be  used  to  represent  the 
actual  shear  strain.)  In  order  to  find  the  combined 
effect  of  independent  loading  cases,  Miner’s  Rule  will 
be  used.  See  Appendix  I  for  the  specialized  case  of 
using  Miner’s  Rule  on  materials  that  have  a  5th  power 
endurance  life  relationship.  Effective  values  for  the 
pertinent  parameters  from  the  Blackhawk  load  and  motion 
spectrum  (S.E.S.)  were  calculated  and  are  given  in  Figure  2. 

The  analysis  of  the  state  of  stress  and  strain  for  an 
elastomer  is  very  different  from  what  it  would  be  for  most 
common  engineering  materials.  The  strains  are  usually  so 
large  that  the  analytical  basis  for  small  strain  analysis 
is  unjustifiable.  For  relatively  incompressible  elasto¬ 
meric  materials  (Poisson’s  ratio  close  to  %)  conventional 
normal  s t r e s s - s t r a  in  relationships  do  not  hold  up.  Shear 
stress,  however,  is  still  directly  related  to  shear  strain 
even  for  strains  that  would  in  other  material  be  past  the 
yield  point.  When  converting  from  a  strain  analysis  to  a 
stress  analysis  a  troublesome  hydrostatic  pressure  term 
must  be  found.  In  the  case  of  thin  elastomer  and  metal 
laminates  this  hydrostatic  pressure  term  can  be  large. 
Normally  a  vibratory  hydrostatic  stress  in-and-of  itself 
does  not  result  in  fatigue  damage  in  an  elastomeric  part. 

It  has  been  found  that  some  of  the  best  correlations  between 
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experimental  and  analytical  results  for  elastomers  have 
been  based  on  shear  strain  (see  Figure  1). 

One  of  the  problems  that  an  analyst  faces  in  analyzing 
complex  elastomeric  bearings  is  that  the  state  of  strain 
is  seldom  one-dimensional  but,  usually  two-  or  three-dimen¬ 
sional.  The  reason  that  this  poses  such  a  large  problem 
for  the  analyst  is  that  two-  and  three-dimensional  shear 
failure  theories  do  not  exist  for  elastomers.  The  analyst 
is,  therefore,  sometimes  more  interested  in  finding  an 
"effective"  one-dimensional  state  of  strain  than  he  is  in 
obtaining  a  complete  two-  or  three-dimensional  solution 
to  a  problem. 

It  would  be  thought  that  the  best  way  to  combine  states  of 
strain  for  a  superposition  solution  to  a  problem  would  be 
a  tensor  addition  (See  Appendix  II).  At  this  point  in 
time,  however,  this  is  not  necessarily  the  case.  The  lack 
of  a  two-  or  three-dimensional  endurance  failure  theory 
makes  it  difficult  to  use  tensor  results  to  predict  the 
endurance  life  of  elastomeric  parts.  Classical  solutions 
to  elastomeric  bearing  problems  are  normally  given  in 
terms  of  a  maximum  shear  strain  and  sup er p o s i t ions  is 
made  by  vector  methods.  It  is  easier  to  visualize  the 
interaction  of  individual  states  of  strains  by  looking 

at  their  maximum  shear  strains  rather  than  their  tensors. 
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Shear  strains  are  often  combined  by  vector  methods.  Shear 
strains  are  normally  identified  by  the  plane  around  whose 
normal  line  they  act.  For  the  case  of  combining  shear 
strains  with  coincident  normal  lines  the  reader  is  referred 
to  classical  two-dimensional  strain  analysis  for  a  dis¬ 
cussion  of  Mohr ' s  cirlce  which  looks  like  a  "double  angle 
vector".  This  technique  will  not  be  needed  for  this  study. 
For  the  case  of  combining  shear  strains  with  noncoincident 
normal  lines,  see  Figure  3  for  the  mathematics  of  combining 
time  dependent  vectors.  Appendix  II  shows  that  for  certain 
important  cases  the  behavior  of  the  strain  tensor  is  the 
same  as  a  conventional  vector. 

Normally  an  analytical  analysis  of  elastomer  degradation 
in  an  elastomeric  bearing  is  valid  only  until  endurance 
damage  has  resulted.  After  endurance  damage  the  original 
model  used  in  the  analysis  is  no  longer  valid.  The  degra¬ 
dation  of  the  elastomer  in  an  elastomeric  bearing  has  been 
found  to  be  progressive  and  noncat as  trophic .  Actual  bearing 
life  is  characteristically  several  times  the  calculated  and 
observed  life  to  first  damage. 

It  might  be  thought  that  because  of  the  larger  amount  of  data 
that  is  available  on  metal  fatigue,  that  the  analysis  of  the 
endurance  life  of  the  metal  shells  would  be  less  difficult. 
Determining  the  stress  in  the  shell  of  the  Blackhawk  main 
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rotor  thrust  bearing  is  relatively  straight  forward  but 
the  resulting  endurance  "S-N"  is  usually  at  the  low  cycle 
end  of  the  endurance  curve  making  a  precise  life  prediction 
very  difficult.  For  the  Blackhawk  main  rotor  spherical 
bearing  the  maximum  shell  stress  results  from  a  combined 
loading  case  that  has  a  shifting  loading  vector.  This 
prevents  the  use  of  superposition  and  a  full  three-dimen¬ 
sional  finite  element  analysis  would  be  needed. 
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Fig.  1. 


EFFECTIVE  MAGNITUDES  AND  PHASE 


ANGLES  FOR  THE  S.E.S.  SPECTRUM 


Vibratory  pitch  change  (+  0Z)  - +6.54°  @  0° 

Flap  (+0X) - +3.58°  @  90° 

Lead-lag  (  +  0y) - +1.5°  @  90° 

Vibratory  centrifugal  load - — — - - +315  lbs.  @  90° 

Vibratory  out-of-plane  load - - - - - +1,292  lbs.  @  90° 

Normal  centrifugal  load - - - 68,000  lbs. 

Over-speed  centrifugal  load - - - 82,000  lbs. 

Note  1:  The  first  5  @  258  cycles  per  second 
Note  2:  The  first  5  effective  magnitudes 

were  obtained  from  the  S.E.S.  with 

the  following  formula  from  the  Appendix  I 


FIG.  2. 
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COMBINATION  OF  TIME  DEPENDENT  VECTORS 


Vj  (t)  =  |  |  V  x  |  |  SINOJt 


V2  (t)  =  |  |  V2  |  |  SIN  (a)t  +  0) 


Where  V  is  the  maximum  value  of  the  vector  V 


VR(t)  =-\/[|  I  v !  I  I  SINcotJ  2  +  I  |v2  I  I  SIN(u)t  +  0)j 


+  2  |  |  V;  |  |  *  |  |  V2  |  |  SINwtSIN  (cot  +  0)COS3 


*It  is  customary  in  elastomeric  strain  analysis  to  also  consider 
the  Miner's  Rule  effect  of  the  smaller  vector. 


Fig.  3 
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PROCEDURE  FOR  CALCULATING  THE  ENDURANCE 


LIFE  OF  ELASTOMERS 


The  following  procedure  is  intended  for  materials  that 
follow  the  fifth  power  life  rule  (see  the  body  of  this 
report).  It  is  specialized  to  incorporate  Miner  f  s  rule 
for  the  accumulated  latent  damage  that  results  from  a 
spectrum  of  loading  conditions. 


The  fifth  power  life  rule  is 


N  =  (4^) 


Y 


Where  : 


Y  =  Is  the  shear  strain. 


N  --  Is  the  life  in  cycles. 

Miner’s  rule  states  that  apparent  damage  occurs  when 


m 


i=  1 

Where : 


N^  --  Is  the  number  of  cycles  at  the  i’th  loading 
case. 


Nf  —  Is  the  number  of  cycles  to  apparent  damage  at 
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the  i 1 t h  load . 


m  —  Is  the  total  number  of  loading  cases  in  the 
loading  spectrum. 


The  life  of  an  elastomeric  part  to  first  apparent  damage 
then  is 


Life  (hours) 


1 


m 


i=  1 


Life 


(12 . 5)  5 

m 

^Ni  (Yi)5 

i= 1 


Where : 


—  Is  now  the  number  of  loading  cycles  per  hour 
for  the  i f  th  case . 

To  simplify  calculations  when  a  spectrum  of  strain  conditions 
is  given,  a  single  strain  can  be  found  that  is  equivalent  to 
the  spectrum  in  that  it  will  produce  a  damage  equivalent  to 
the  spectrum  when  applied  for  the  same  total  number  of  cycles. 
This  equivalent  value  may  be  found  as  follows: 


5 
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Where : 


Ye  ““  Is  effective  strain  magnitude. 

Obviously  for  materials  with  a  linear  s t r e s s  —  s t r a  in  rela¬ 
tionship  an  equivalent  value  may  be  found  by  this  procedure 
for  any  load  or  motion  that  is  specified  by  a  spectrum  of 
conditions . 
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APPENDIX  II 
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COMBINATION  OF  STRAINS  BY  THE  STRAIN  TENSOR  METHOD 


The  three  -  dimensional  strain  tensor  is 


x 

hy 

hy 


xy 


xz 


hym 

e 

y 

hy 


xy 


hy 

hy 


XZ 


yz 


yz 


where  e  ,  e  &  e  are  the  normal  strains  along  the 

X  y  Z 

X,  Y  &  Z  axes  respectively 

and  V  ,  Y  &  Y  are  the  shear  strains  acting  on 
xy  yz  xz 

X-Y,  Y-Z,  X-Z  planes  respectively. 


In  order  to  solve  for  the  principal  strains  and  maximum  shear 
strains  the  following  eigenmatrix  is  used; 


(e 

hy 

hy 


X 


xy 


P) 


X  z 


hy 

xy 

(e  -P) 

y 

hy 

yz 


hy 

hy 


xz 


yz 

(e2-p) 


■  0 


where  P  is  a  principal  strain. 

This  matrix  equation  results  in  the  following  cubic 
equation  in  terms  of  strain  invarients; 

P3-IP2+IP-I  =0 

1  2  3 

where  I  =  (ex  +  £y  +  £z) 

I  =  (e  e  +e  e  +e  e  )  —  k(y2  +  y2  +  Y2  ) 

2  x  y  y  z  z  x/  wxy  'yz  xz 

i  =  e  e  e  +  h(y  y  y  -  e  y2  evy^7  -  e7y!v) 

3  X  y  Z  xy  yz  X2  x'yz  y'xz  z  xy 

The  maximum  shear  strains  are 

Y  =  ABS (P  -P  ) ;  Y  =  ABS(P  -P  );Y  =  ABS(P  -P  ) 

1  1  2  2  2  3  3  3  1 
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where  P  ,  P  &  P  are  the  principal  strains  (roots  of 


1  2  3 

the  cubic ) . 


A  computer  program  in  Basic  to  solve  these  equations  is  shown 
in  Figure  1.  Figure  2.  shows  some  interesting  maximum  shear 
strain  results  for  monoplanar,  biplanar  and  triplanar  states 
of  shear . 

NOTE:  The  2nd,  4th,  5th  and  6th  examples  have  a  maximum  shear 

strain  resulting  from  a  biplanar  state  of  shear  strain  that  is 
equal  to  the  vector  combination  of  the  shear  strains.  The  3rd 
example  shows  that  this  result  can  not  be  expanded  to  the  tri¬ 
planar  case  . 

As  an  example  the  maximum  shear  strain  will  be  calculated 
for  the  fourth  layer  of  the  spearical  bearing  at  the  I.D.  for 
6  and  12  o'clock  positions. 

The  flap  strain  tensor  is 


. 03400 


-.03205  -.03518 


3.58*  -.03205 


-  .  03988 


- . 05858 


- .03518 


-.05858 


0 


The  vibratory  in-plane  strain  tensor  is 


-1.314 


-1 . 358 


0 


1 .343 


0 


0 


0 


.  0003 
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The  vibratory  out-of-plane  strain  tensor  is 


-.03417  -.03521  .0023 

-.03521  .03509  .0038 

.0023  .0038  0 

The  combined  strain  tensor  is 

.1217  .1390  -.1317 

=  .1390  -.0870  -.2163 

-.1317  -.2163  0 


The  principal  strains  and  maximum  shear  strains  resulting 
from  this  strain  tensor  is  calculated  in  Figure  3. 

Great  care  must  be  excercised  with  regard  to  the  choice  of 
signs  of  the  tensors  since  an  incorrect  sign  will  completely 
alter  the  boundary  conditions  of  the  problem. 

At  this  point  we  must  take  a  large  and  as  of  yet  unjustified 
step  in  using  the  triplanar  maximum  as  the  uniplanar  value. 

The  maximum  strain  of  .38001  shown  in  Figure  3  (triplanar) 
compares  to  .379  obtained  by  vector  combination  of  these 
states  of  strain  as  shown  below: 

The  two-dimensional  maximum  shear  strain  from  the  above 
tensors  are , 

Y  flap  =  ^(.03400  -  (- .  03988 ) )  2  +  (-.03205)  2  =  .0803 

Y  vibratory  in  -  plane 

=  J (-1.314  -  1 . 3  4  3 )  2  +  (-1.358)2  =  2.9839 
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Y 


vibratory  out-of-plane 


=  \J  (-.03417  -  .  0  3  5  0  9  )  2  +  (-.03521)2 

The  resulting  combined  shear  strain  is 

■Yvi  =  3.58  *  .0803  +  2.9839  f-3-— ■  )  + 

\68000/ 

=  .379 


=  .07769 


.07769 
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SECTION  4. 

OF  THE  AMMRC  FATIGUE 


SPECIMEN 
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A  fatigue  specimen  has  been  designed  (see  80  6627  in 
Figure  1).  It  was  designed  with  an  undercut  radius 
at  the  O.D.  of  the  part  that  is  intended  to  lower  the 
strain  at  this  critical  location.  This  is  normal  design 
practice.  The  location  of  this  radius  is  shown  in  the 
enlarged  section  of  Fig.  1.  Note,  the  spherical  design 
of  the  elastomer  will  minimize  the  effects  of  equipment 
nonparallelism  during  endurance  testing. 

A  fine  mesh  model  for  this  specimen  was  generated  and 
is  shown  in  Figure  2.  Note,  this  model  has  a  small  center 
hole  (not  obvious)  that  avoids  a  mathematical  pole  in  the 
analysis  and  is  eliminated  by  the  boundary  conditions 
applied  to  the  model.  A  finite  element  analysis  (F.E.A.) 
was  completed  on  this  model.  For  this  analysis  the  model 
was  loaded  with  a  compressive  force  system  equal  to  the 
half  amplitude  range  to  be  applied  during  the  fatigue 
tests.  A  listing  of  the  input  data  program  is  included 
in  Appendix  I.  The  shear  strain  occurring  along  the 
bond  line  is  shown  in  Figure  3.  The  location  of  this 
bond  line  strain  is  shown  on  the  model  in  Figure  2  as 
line  A-A.  The  strain  along  the  undercut  radius  is  shown 
in  Figure  4.  The  location  of  this  radius  is  shown  again 
on  the  model  in  Figure  2  along  Curve  A-B-C . 

Figure  5  is  the  second  model  of  the  fatigue  test  spec- 


imen.  This  coarse  model  was  set  up  with  the  thickness 
of  the  elastomer  layer  represented  by  a  single  element. 

The  elastomer  layer  is  divided  so  that  each  of  seven  ele¬ 
ments  have  the  same  polar  angle  width.  The  bond  line  shear 
strain  is  shown  in  Figure  6.  The  program  for  this  analysis 
is  given  in  Appendix  II. 

The  third  model  as  shown  in  Figure  7  incorporates  a  small 
element  at  the  outside  edge  to  improve  the  resolution  of 
strain  at  this  critical  position.  The  reasoning  behind 
this  procedure  is  that  this  finite  element  analysis  pro¬ 
gram  actually  only  calculates  the  state  of  strain  at  an 
integration  point  in  the  middle  of  each  side.  The  aim  is 
to  get  a  reading  from  a  "mid-side  mode" near  the  edge  of 
the  part.  The  strain  results  for  this  model  are  given  in 
Figure  8.  The  program  is  listed  in  Appendix  III. 

The  conclusion  of  the  coarse  grid  modelling  study  is  as 
follows:  The  strain  reducing  effect  of  a  radius  under¬ 

cut  at  the  edge  of  the  layer  is  missed  and  hence,  elas¬ 
tomer  strain  results  tend  to  be  a  little  high  (conservat¬ 
ive)  .  It  is  safest,  especially  when  strain  gradients 
are  high,  to  incorporate  a  small  element  with  a  width 
about  equal  to  its  thickness  at  the  edges  of  a  layer. 

When  this  is  done  it  is  felt  that  a  coarse  grid  model  will 
consistently  give  results  that  are  slightly  conservative. 
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STRAIN  ALONG  BOND  LINE  FOR  AMMRC  FATIGUE  TEST  SPECIMEN 
MODEL  —  1  AT  5000  LBS.  AXIAL  LOAD  <!G  *  200  PSI>. 
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FATIGUE  TEST  SPECIMEN  MODEL  —  2  (AMMRC) 
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FATIGUE  TEST  SPECIMEN  MODEL  3  (AMMRC) 
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FIG.  7 
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$  FATIGUE  TEST  SPECIMEN  AMMRC  MODEL 

SETUP?  4,PRESCRIB,  25 

RUBBER, 1,600, .4995 

SSTEEL, 2, 30E6, . 3 

END* MATERIAL 
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SECTION  5. 


EXPERIMENTAL  DATA  ON  THE  AMMRC  ENDURANCE  SPECIMEN 
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The  report  in  Appendix  I.  of  this  section  gives  exper¬ 
imental  results  of  endurance  tests  on  thirteen  AMMRC 
fatigue  specimens  (see  Table  1  of  the  Appendix).  The 
data  is  plotted  in  Fig.  1.  The  report  gives  the  fol¬ 
lowing  fifth  power  curve  fitted  to  the  life  (N)  vs. 
load  (L)  data; 


N  = 


'29,500) 5 
L 


In  the  previous  section  we  found  a  maximum  shear  strain 
of  .1.8  for  a  load  of  5000  lbs.  on  the  coarse  grid  model, 
so  that  the  shear  strain  is  given  by 


L _ 

27  78 


Substituting  we  find  the  life  to  be 

N  -  fli^l  S 
I  Y 

Since  this  experimental  endurance  curve  was  obtained  from 
an  actual  elastomeric  bearing  based  on  the  materials,  anal 
ytic  and  measuring  techniques  normally  used  in  elastomeric 
bearings  it  should  be  specific  to  these  conditions.  It 
does,  however,  compare  well  with  a  published  general  rel¬ 
ationship  listed  in  Section  3  as 


(  Y 
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A  documentation  of  the  criterion  of  first  damage  used 
on  the  AMMRC  endurance  specimen  is  given  in  Appendix  II. 
Fig.  1  is  a  photomicrograph  of  the  elastomer  edge  from 
the  fatigue  specimen  before  test.  Fig.  2  is  a  photo¬ 
micrograph  of  the  same  edge  after  test.  Fig.  3  is  a 
line  drawing  interpretation  of  the  significance  of 
these  photos.  Admittedly  this  criterion  of  first  da¬ 
mage  was  stringent,  but,  when  scaled  up  to  elastomeric 
bearings  the  size  of  the  Blackhawk  main  rotor  bearings, 
it  is  felt  that  this  criterion  is  consistant  with  that 
used  for  the  larger  bearings. 
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CHICAGO  RAWHIDE  MANUFACTURING  COMPANY 


Test  Report 

Testing  of  the  AMMRC  Fatigue  Specimens  (CR  80  6627)  has  been 
completed.  A  total  of  13  specimens  were  tested,  until  evid¬ 
ence  of  first  damage  was  observed. 

Compressive  axial  loading  of  the  test  parts  was  done  using 
a  sine  wave  forcing  function  at  a  cycling  rate  of  4.2  Hz. 
The  minimum  compressive  axial  load  for  each  test  specimen 
was  established  as  10%  of  the  peak -to -peak  cyclic  loading. 

Table  I  shows  the  loading  spectrum  that  was  used  in  testing 
the  fatigue  plugs.  Figure  1  is  a  plot  of  the  half  amplitude 
cyclic  loading  vs,  the  cycles  to  first  damage.  All  observat¬ 
ion  for  first  damage  were  made  using  a  microscope  with  15  x 
magnification.  The  solid  line  shown  in  Figure  1  is  a  5th 
power  curve  derived  from  the  empirical  data.  The  line  as 
shown  in  Figure  1  is  not  continuous.  For  cyclic  loads  of 
approximately  1700  lbs.  and  less  a  knee  is  evident.  This 
knee  is  an  indication  of  infinite  fatigue  life.  The  contin¬ 
uous  portion  of  this  curve  can  be  described  by  the  following 
equation: 

N  =  f29,500j 5 

L 

i 
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CHICAGO  RAWHIDE  MANUFACTURING  COMPANY 


Page  2 


In  the  above  equations 

N  is  the  number  of  cycles 
L  is  the  half  amplitude  cyclic  load 
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L  0 

A 

D  (lbs) 

C  Y 

C 

L  E  S 

1 . 

5050 

+ 

4200 

1.75 

X 

104 

2. 

4320 

± 

3600 

3 . 00 

X 

104 

3. 

3900 

± 

3250 

5.69 

X 

104 

4  . 

3900 

± 

3250 

5.10 

X 

104 

5. 

3660 

± 

3050 

7.00 

X 

104 

6. 

3510 

± 

2925 

6 . 00 

X 

104 

7  . 

3120 

± 

2600 

1.50 

X 

10s 

8. 

2925 

± 

2438 

4 . 20 

X 

105 

9  . 

2640 

± 

2200 

4.70 

X 

10s 

10. 

2400 

± 

2000 

9.00 

X 

10b 

11. 

2100 

± 

1750 

1.30 

X 

106 

12  . 

2040 

± 

1700 

2 . 00 

X 

106 

13. 

1950 

± 

1625  j 

1 . 60 

X 
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TABLE  I 
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FATIGUE  SPECIMEN  BEFORE  TEST 
FIG.  1 


no 


FATIGUE  SPECIMEN  AFTER  TEST 
FIG.  2 
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FATIGUE  SPECIMEN  ELASTOMER  EDGE 
BEFORE  TEST 


FATIGUE  SPECIMEN  ELASTOMER  EDGE 
AFTER  TEST 
FIG.  3 
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SECTION  6. 

ANALYSIS  OF  THE  BLACKHAWK  MAIN  ROTOR  THRUST  BEARING 
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The  subject  covered  in  this  section  is  an  analysis  of 
the  elastomer  strain  and  metal  shell  stress  in  the 
Blackhawk  main  rotor  elastomeric  thrust  bearing 
(see  Figure  1.)  A  prediction  of  the  life  of  the  thrust 
bearing  will  be  given  based  on  this  data.  As  refer¬ 
ence  it  is  suggested  that  the  Sections  2  and  3,  covering 
finite  element  analysis  and  the  use  of  strain  data  to 

predict  the  life  of  elastomeric  parts,  be  reviewed. 

The  analysis  of  this  thrust  bearing  was  straight  forward 
and  superposition  was  not  required. 

The  first  model  for  stress  or  strain  at  the  I.D.  of 
the  thrust  bearing  is  shown  in  Figure  2  and  enlarged 
sections  in  Figures  3  and  4.  Note,  the  small  element 
at  the  I.D.  allows  "mid-side  node’1  stress  or  strain  values 
for  a  location  close  to  the  edge.  The  model  for  O.D. 
stress  and  strain  is  shown  i,n  Figure  5  and  blow-ups  in 
Figures  6  and  7.  A  listing  of  the  programs  are  given 
in  the  Appendix. 

The  maximum  stress  in  the  A-70  C.P.  titanium  shells 
for  a  68,000  pound  C.F.  load  is  shown  in  Figures  8  and  9 
to  be  70  ksi.  With  a  70  ksi  yield  point  the  stress  in 
the  shells  after  the  first  cycle  may  be  considered  to  be 
35  +  35  ksi.  The  metal  shells,  therefore,  are  not  expected 
to  suffer  endurance  failure  within  the  expected  life  of 
this  bearing . 
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The  elastomer  strain  for  the  68,000  pound  C.F.  load  is 
shown  in  Figures  10  and  11.  The  elastomer  strain  due 
to  pitch  change  can  be  calculated  directly  from  first 
principles.  For  a  1  degree  rotation 


Y  =  RQ 
t 

Yid<  =  _ 1-5  QI/180) 

(10*0.025+45*0.030 


0.0164 


^O.D.  =  _ 2.55  (U/180) 

(10*0 . 025+45*0 .030) 


0.0278 


Where:  y  is  the  shear  strain 

0  is  the  angle  of  rotation  (in  radians) 
t  is  the  total  elastomer  thickness 
R  is  the  radius 


V 


Note;  the  above  may  seem  like  an  oversimplification,  but 
is  identical  to  the  result  obtained  by  an  integral  solution. 
The  finite  element  backup  solution  is  shown  in  Figure  12. 


The  spherical  and  the  thrust  bearing  share  the  total  blade 
pitch  change . 

Spring  rate  of  the  spherical  bearing  =  1000  in . -lb . /degree 
Spring  rate  of  80  9589  =  120  in . -lb ./ degree 


1000 


,1000  +  120 


100 


89.3%  of  the  total  pitch  change 
for  80  9589. 


The  effective  pitch  change  angle  found  from  S.E.S.  701054 
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Rev.  4  by  the  method  previously  described  (see  Appendix 
of  Section  3)  is  6.54  degrees. 


The  following  is  a  sample  calcultaion  of  the  life  lim¬ 
iting  combination  of  pitch  change  and  centrifugal  force 
strain  calculated  for  the  I.D.  of  the  first  layer  (see 
the  Appendix  of  Section  3); 

y  = 


258*60  (6 . 54*0 . 893*0 . 0164)  5  +  (  7 l29  *  82000V  +  9*17.29 V 

V  2  68000 )  +  \~2 - -J 


258*60  +  1.0  +  2.0 


Y  =  .717 


The  life  limiting  strain  at  the  I.D.  is  shown  for  all 
the  layers  in  Figure  13.  The  results  for  a  similar  pro¬ 
cedure  for  the  O.D.  is  shown  in  Figure  14. 


On  the  basis  of  this  analysis,  first  damage  is  predicted  at 


Life 


*  60*258 


=  46  hr s 


The  predicted  location  for  this  first  damage  is  at  the 
I.D.  of  the  first  layer  next  to  the  flanged  end  fitting 
(see  Figures  13  and  14). 
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BLOW  UP  OF  FIG. 


BLOW  UP  OF  Flo. 
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STRESS  8  68000  LBS.  FOR  THRUST  EB  WITH 
55  STEPPED  SHELLS  <AMMRC> 

2/2/79 
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FIG.  9 
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STRAIN  <?  68890  LBS.  FOR  THRUST  EB  WITH 
55  STEPPED  SHELLS  < AMMRC) 

2/16/79 
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FIG.  11 
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DEGREE  PITCH  CHANGE  STRAIN  CF.E.)  FOR  THRUST  EB  WITH 
55  STEPPED  SHELLS  <AMMRC> 

3/1/79 
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FIG.  13 
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LIFE  LIMITING  STRAIN  FOR  THRUST  EB 
WITH  55  STEPPED  SHELLS  <AMMRC> 
2/15/79 
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SECTION  7. 

ANALYSIS  OF  THE  SHELL  STRESSES  IN  AN  ALTERNATE 
BLACKHAWK  MAIN  ROTOR  THRUST  BEARING 
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The  stress  in  the  metal  shells  of  an  alternate  Black- 
hawk  main  rotor  thrust  bearing  (see  SK4-80  9590  in  Fig.  1) 
will  be  analyzed  in  this  section.  This  analysis  can  be 
accomplished  with  a  single  finite  element  problem  run 
without  the  use  of  superposition. 

The  analysis  of  this  thrust  bearing  begins  with  the 
model  shown  in  Figure  2.  Even  with  the  coarse  modeling 
technique  previously  developed,  computational  limits 
on  the  number  of  available  elements  prevent  a  generous 
representation  of  the  shell  radii  at  the  center  of  the 
shell  where  the  peak  stress  occurs.  This  limitation  also 
restricts  the  number  of  shells  modeled  to  35  --  the  real 
bearing  has  52.  A  small  element  (see  the  enlarged  view  in 
Figure  3.)  is  used  to  check  the  stress  at  the  transition 
point  in  this  model.  Figure  4  shows  the  stress  that  results 
in  this  element  for  a  68,000  pound  thrust  load. 

As  a  result  of  the  nice  plateau  on  the  previous  result, 
the  number  of  shells  was  further  reduced  to  17  to 
study  the  effect  of  length  on  shell  stress.  The  model 
is  shown  in  Figure  5,  a  blowup  in  Figure  6  and  the  re¬ 
sults  in  Figure  7.  The  model  shown  in  Figure  8  again  has 
17  shells  but,  has  a  good  representation  of  the  center 
radius.  The  stress  values  are  shown  in  Figure  9. 

The  similarity  of  Figure  7  and  Figure  9  would  indicate 
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that  the  crude  radius  representation  is  giving  useful 
results.  The  increase  in  peak  stress  from  Figure  7  to 
Figure  4,  representing  an  increase  from  17  to  35  shells, 
would'  suggest  an  estimate  of  115  ksi  for  the  peak  stress 
in  the  real  bearing  with  52  shells.  In  the  interest  of 
weight  reduction  it  is  intended  that  the  shells  for  the 
test  bearing  be  made  of  A-70  C.P.  Titanium.  The  stress 
results  from  the  application  of  the  C.F.  load  should  be 
nonreversing  and,  hence,  it  is  anticipated  that  the  first 
loading  cycle  will  locally  yield  the  70  ksi  yield  strength 
titanium  so  that  the  stress  for  subsequent  cycles  might 
be  considered  to  be  12.5  +  57.5  ksi.  Fatigue  failure  of 
this  part  is,  therefore,  predicted  at  a  reasonably  low 
number  of  cycles.  In  service  the  loading  spectrum  is  some¬ 
what  more  complicated  but,  the  total  number  of  cycles  ex¬ 
pected  is  less  than  20,000. 
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SHELL  STRESS  FOR  AI1MRC  THRUST  EB  HODEL  2 
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6?: PLOT, ELEMENTS, 1.25, -.25, 2. 8, 2. 5,  10 
68: AXISYM 
69: STOP 
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SECTION  8 


ANALYSIS  OF  THE  BLACKHAWK  MAIN  ROTOR  SPHERICAL 


BEARING 
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The  subject  covered  in  this  section  is  an  analysis  of 
the  elastomer  strain  in  the  Blackhawk  main  rotor  sphe¬ 
rical  elastomeric  bearing  (see  Figure  1)  and  a  prediction 
of  the  life  of  this  bearing.  It  is  suggested  that  the 
two  sections,  covering  finite  element  analysis  and  de¬ 
termining  the  life  of  elastomeric  parts  based  on  strain, 
be  reviewed. 

The  model  for  the  spherical  bearing  is  shown  in  Figure 
2  and  an  enlargement  in  Figure  3.  A  listing  of  the 
input  program  is  shown  in  Appendix  I.  In  order  to  gen¬ 
erate  the  nodal  data  for  this  program  a  mesh  generator 
program  was  written  in  Basic  language  for  our  Tektronix 
4051  mini-computer.  This  program  is  included  in  Appendix 
II  . 

The  strain  resulting  from  a  68,000  pound  axial  C.F.  load 
is  shown  for  the  I.D.  in  Figure  4  and  for  the  O.D.  in 
Figure  5.  At  the  6  and  12  o’clock  positions  the  strain 
for  an  out-of-plane  load  of  1,292  pounds  is  shown  in 
Figure  6  for  the  I.D.  and  Figure  7  for  the  O.D..  For 
this  load  at  the  3  and  9  o’clock  positions  the  strain 
at  the  I.D.  is  shown  in  Figure  8  and  for  the  O.D.  in 
Figure  9.  The  strain  at  the  6  and  12  o’clock  position 
for  a  1  degree  flapping  cock  is  shown  in  Figure  10  for 
the  I.D.  and  Figure  11  for  the  O.D.  The  3  and  9  o’clock 
strains  are  shown  in  Figures  12  and  13. 
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The  strain  due  to  pitch  change  may  be  calculated  dir¬ 
ectly  from  first  principals.  The  relationships  are 
derived  in  Appendix  III  and  a  Basic  language  computer 
program  is  listed  in  Appendix  IV.  The  calculated  I.D. 
strain  for  1  degree  of  pitch  change  rotation  is  given 
in  Figure  14.  The  finite  element  solution  is  shown  in 
Figure  15.  It  can  be  seen  that  at  the  I.D.  the  agree¬ 
ment  is  very  good.  At  the  O.D.  there  is  an  approximate 
10%  difference.  The  O.D.  finite  element  results  are 
given  in  Figure  16.  The  spherical  and  the  thrust  bearing 
share  the  total  pitch  change  motion. 


Spring  rate  of  the  spherical  bearing  1000  in-lbs./ 

degree . 

Spring  rate  of  the  thrust  bearing  120  in-lbs . /degree . 


Y20J  100  *  10.7%  of  the  pitch  change  for 
the  spherical  bearing. 


The  following  is  a  sample  calculation  of  the  life  limiting 
strain  for  the  6  and  12  o’clock  position  on  the  I.D,  of 
the  fourth  layer: 


The  vibratory  strain  vectors  due  to  flap  (+  0X), 
inplane  load  (+  Vc)  and  vibratory  out-of-plane 
load  (+  V  )  are  ^11  in  the  same  direction  and  phase. 
The  strain  magnitudes  are,  therefore,  directly 
addi tive . 
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Y  =  3 .58*0.0803  +  2.984  * 
vi 


315 


68000 


+  0.0777 


Y  =0.379 
v  i 

Note:  Pitch  change  strain  did  not  enter  the 

above  calculation  because  it  is  90°  out  of  phase 
in  both  geometry  and  time  but,  its  Miner's  Rule 
effect  will  be  considered  in  the  following 
vector : 

Y  =  0.0385*6.54*0.107  =  0.0269 

V  2 


The  life  limiting  strain  is  (see  Appendix  of 
Section  3) 


y  =  0 . 398 

Note:  lead-lag  motion  causes  negligible  damage 

at  this  location. 
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A  plot  of  life  limiting  strain  for  the  6  and  12  o’clock 
position  of  each  layer  is  given  in  Figure  17. 


The  following  is  a  sample  calculation  of  the  life 
limiting  strain  for  the  6  or  12  o’clock  position  on 
the  O.D.  of  the  fourth  layer; 


The  vibratory  strain  vectors  due  to  flap  (+  0X), 
inplane  load  (+  V  )  and  vibratory  out-of-plane 
load  (+  Vn)  are  all  in  the  same  direction  and 
phase.  The  strain  magnitudes  are,  therefore, 
directly  additive. 


Y 


vi 


=  3,58*0.0761  +  1 T  652  * 


315 


68000 


+  0.0709 


Y  =  0.351 
v  l 


Note;  Pitch  change  strain  did  not  enter  the  above 

calculation  because  it  is  90°  out  of  phase  in  both 

geometry  and  time  but,  its  Miner’s  Rule  effect  will 

be  considered  in  the  following  vectop: 

y  =  0.05077*6,54*0.107  =  0,0355 
v2 

The  life  limiting  strain  is 
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Note:  Lead-lag  motion  causes  negligible  damage 


at  this  location 


This  life  limiting  strain  is  plotted  for  all  layers  in 
Figure  18. 

The  following  is  a  sample  calculation  of  the  life  limi¬ 
ting  strain  for  the  3  and  9  o’clock  position  on  the 
I.D.  of  the  fourth  layer: 

The  strain  due  to  blade  flapping  is 
Y  =  3.58*0.0581  =  0.207 
The  strain  due  to  vibitory  C.F.  is 


0.0069 


Y 


c  f 


The  strain  due  to  lead-lag  motion  is 

Yn  -  1.5*0.0803  =  0.120 

The  strain  due  to  pitch  change  is 

Y  =  0,0385*6.54*0.107  «  0.0269 
pc 

These  strains  can  be  combined  as  shown  in  the  following 
table ; 
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STRAIN 

TIME  PHASE 

DIRECTION 

MAGNITUDE 

O 

0° 

0° 

0 .0269 

Yii 

0° 

90° 

0 .120 

In-phase  resultant* 

0° 

90° 

0.123 

Yf 

90° 

o 

o 

0.207 

Ycf 

o 

O 

o 

o 

CJ\ 

0 . 0069 

Out -of -phase  resultant* 

90° 

90° 

0 .214 

*  Conventional  vector  combination 


The  resulting  effective  strain 


y  =i  /( 0 . 214)  2  +  (0 . 123)  2 


is 

0,247 


Note:  in  the  general  case  of  non-perpendicular  phase 

resultants  obtaining  this  effective  strain  vector 
is  more  complicated. 


The  life  limiting  strain  is 


A  plot  of  the  life  limiting  strain  for  this  location  on  all 
the  shells  is  given  in  Figure  19.  A  plot  for  the  O.D.  is 
given  in  Figure  20. 
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On  the  basis  of  this  analysis,  first  damage  is  predicted 


=  866  HR. 

The  predicted  location  for  first  damage  is  the  I. 
the  fourth  layer.  This  location  for  first  damage 
with  previous  test  results. 
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BLOW  UP  OF  FIG.  2 
FIG.  3 
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STRAIN  ALONG  I.D.  FOR  AMMRC  SPHERICAL  EB  (14  SHELLS) 

Q  68j  000  LBS.  AXIAL  LOAD 
3/6/79 
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STRAIN  ALONG  I .  D.  FOR  AMMRC  SPHERICAL  EB  <14  SHELLS) 
@  1292  LBS.  LATERAL  LOAD.  6  &  12  O'CLOCK  POSITIONS. 

3/9/79 
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STRAIN  ALONG  I.D  FOR  AMMRC  SPHERICAL  EB  (14  SHELLS) 
@1292  LBS.  LATERAL  LOAD.  3  &  9  O'CLOCK  POSITIONS. 

3/16/79 
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STRAIN  ALONG  I.D.  FOR  AMMRC  SPHERICAL  EB  <14  SHELLS) 
COCKED  1  DEGREE.  6  t  12  O'CLOCK  POSITIONS. 

8/17/79 

FIG.  10 
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FIG.  11 
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STRAIN  ALONG  I.D.  FOR  AMMRC  SPHERICAL  EB  <14  SHELLS) 
COCKED  1  DEGREE.  3  fc  9  O'CLOCK  POSITIONS. 

8/17/79 

FIG.  12 
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DEGREE  PITCH  CHANGE  STRAIN  (THEORETICAL)  ALONG  I.D.  FOR 
AMMRC  SPHERICAL  EB  (14  SHELLS) 

2/28/79 
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FIG.  15 
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DEGREE  PITCH  CHANGE  STRAIN  <F.E.>  ALONG  O.D.  FOR 
AMMRC  SPHERICAL  E6  <14>  SHELLS 
3/16/79 
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LIFE  LIMITING  STRAIN  ALONG  O.D.  FOR  AMMRC  SPHERICAL 
EB  <14  SHELLS).  6  t  12  O'CLOCK  POSITIONS. 

8/17/79 
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FIG.  19 
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LIFE  LIHITING  STRAIN  ALONG  O.D.  FOR  AMNRC  SPHERICAL 
EB  <14  SHELLS).  3  t  9  O'CLOCK  POSITIONS. 

12/20/79 


APPENDIX  I 
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NOMENCLATURE 


K  =  A  linear  spring  rate. 

K,j,  =  A  torsional  spring  rate, 

d  =  The  differential  operator. 

A  =  Area. 

G  =  The  shear  modulus. 

T  =  Torque. 

t  =  The  perpendicular  layer  thickness. 

R  =  The  spherical  radius. 

R  =  The  moment  arm  or  distance  to  the  bearing  axis. 

=  The  largest  moment  arm  in  a  layer. 


H 

=  The  axial 
axis  . 

distance 

from  a 

point 

to  the  spherical 

H 

o 

=  The  axial 
spherical 

distance 

axis. 

of  the 

O.D. 

of  a  layer 

to 

the 

H  . 

i 

=  The  axial 
spherical 

d i s  t  anc  e 
axis. 

of  the 

I  .D  . 

of  a  layer 

t  o 

the 

e 

=  The  torsional  angle 
layer . 

of  relative 

rotation 

for 

the 

<j>  =  An  arbitrary  angle  of  integration. 

Y  =  The  shear  strain. 
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AXIAL  TORSION  ON  A  POLAR  SPHERICAL  E.B. 


217 


AXIAL  TORSION  ON  A  POLAR  SPHERICAL  E.B. 


The  shear  spring  rate  of  an  elastomeric  layer  is 

K  =  F/6  =  GA 
t 

For  a  layer  with  constant  thickness  and  modulus  the 
rate  of  change  of  spring  rate  is 
dK  =  (G/t)dA 

The  rate  of  change  in  torsional  rate  is 

dKT  =  GR2  dA 
t 

The  differential  area  for  a  polar  spherical  layer 

(See  Figure)  is 

dA  =  2TrRRd<J> 

<p  =  SIN  -1  (H/R) 

dd>  - - ** - 

\p~~-  H2 

R  =\|  R2  -  H2 

dA  =  2irRdH 

Substituting  in  the  spring  rate  equation 

dKT  =  2ttGR  (R2  -  H2)dH 
t 

Ho 

Kx  =  2ttGR  f  (R2  -  H2)dH 

t  'H. 

1 

Kt  =  2ttGR  £r2  (H±  -  H0)-(Hi3  -  Hq  3  )  /  3j 

The  definition  of  torsional  spring  rate  is 
kt  =  T/6 
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The  shear  strain  (See  Figure)  is 


Y  =  R9 

t 

Y  =  RT 


H 

II 

>- 

R2  -  H2 

tKx 

II 

H 

R2  -  H2 

1 

2ttGR 

R2 (H  -  H  ) - (H  a  -  H  3)/3 

x  u  i  o  J 

The  pitch  change  shear  strain  is  seen  to  be  a  function 
of  position  but,  has  a  maximum  at  the  O.D.  of  each 
layer  of 


T 

r  N 

1  -  (Hn/R)2 

2ttG 

R2 (H±  -  HQ)-(Hi3  -  HQ  3 ) / 3  J 

The  composite  rotation  for  a  multi-layer  bearing  is 

0  =  Z  tYMAX . 

Ro 

=  _t  z  j_  r  t 

2tt  GR  [  R2  ( H i  -  H0)-(Hia  -  Hq3)/3 
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PITCH  CHANGE  PARAMETERS 
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SECTION  9 


TEST  RESULTS  ON  THE  BLACKHAWK  MAIN  ROTOR  BEARINGS 
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Enclosed  in  the  Appendix  is  a  test  report  covering 
the  testing  of  a  pair  of  Blackhawk  main  rotor 
sperical  and  thrust  elastomeric  bearings  as  out¬ 
lined  in  Section  1.  These  results  should  be  cor¬ 
related  with  previous  analytical  results. 

The  agreement  between  experimental  and  analytical 
predictions  is  reasonably  good  for  the  thrust  bearing. 

See  that  Figures  4  and  5  of  the  Appendix  confirm 
the  location  of  first  damage  predicted  in  Section  6. 

The  analytical  prediction  of  time  to  first  damage  was 
46  hours,  whereas,  first  damage  was  actually  reported 
as  occurring  between  200  and  300  hours.  The  test 
substantiated  the  analytical  prediction  that  elasto¬ 
mer  damage  would  occur  before  metal  fatigue. 

For  the  spherical  bearing  the  agreement  between 
experimental  and  theoretical  predictions  is  again 
reasonably  good  for  the  elastomer.  Photograph  2 
shows  the  I.D.  of  the  first  layer  as  the  location  of 
first  damage.  The  I.D.  of  the  fourth  layer  is  the 
location  predicted  in  Section  8.  The  first  damage 
life  was  between  300  and  400  hours  vs.  a  predicted 
866  hours.  Remember  that  no  prediction  of  the  endur¬ 
ance  life  of  the  metal  shells  could  be  made  in  section  8. 
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It  is  important  to  recognize  that  Mf irst  damage"  as 
defined  here  is  the  first  sign  of  damage  visible  under 
laboratory  conditions  and  that  elastomer  damage  in  an 
elastomeric  bearing  is  slowly  progressive  and  noncata- 
strophic.  The  justification  for  this  statement  is 
Sikorsky  Aircraft’s  2000  hr.  qualification  test  with 
these  bearings.  While  laboratory  level  damage  was  ob¬ 
served  on  these  bearings  relatively  early  in  the  test 
they  continued  on  for  from  10  to  20  times  the  labo¬ 
ratory  first  damage  life  shown  here  without  excessive 
damage . 
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TEST  REPORT 

AMMRC  Contract  DAA-46-78-C-0029 
May  22,  1979 


By 

Emmet  M.  Skroch 
Test  Lab  Manager 
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TEST  REPORT 


This  test  consisted  of  endurance  testing  two  Blackhawk  Main  Rotor  Elastomeric 
Bearings  per  the  plan  described  in  the  AMMRC  test  proposal  of  September  15,  1978, 

Prior  to  any  endurance  testing  all  samples  were  acceptance  tested  according  to 
their  respective  Sikorsky  approved  ATP’s  (ATP  No.  4014  for  80  9588,  Sikorsky 
SB7001-045  and  ATP  No.  4015  for  80  9589,  Sikorsky  SB7002-045). 

For  the  spherical  bearings  (P/N  80  9588),  slight  modification  to  the  end 
fitting  had  to  be  made  (Figure  1.1)  to  fixture  them  in  our  test  rig  (Figure  1.2). 
Thermocouples  were  attached  at  the  6  o’clock  and  9  o’clock  position,  both  inside 
and  outside,  at  the  inner  race.  For  the  thrust  bearing  (P/N  80  9589),  a  thermo¬ 
couple  was  attached  to  the  outer  center  part  of  the  bearing. 

All  loads  and  motions  of  the  test  were  applied  in  100  hour  blocks  as  specified 
in  the  Blackhawk  Main  Rotor  E.  B.  Endurance  Life  Test  Blocks  I  through  III. 

Testing  of  the  spherical  bearing  (P/N  80  9588),  has  been  terminated  after  a 
total  of  4  blocks  of  testing  or  400  flight  hours.  First  damage  was  observed  at 
the  first  rubber  layer  (smallest  spherical  radius)  at  the  5  and  11  o’clock  positions 
when  flapping  was  applied  through  the  6  and  12  o’clock  axis.  Figures  2  and  3  show 
the  degree  of  damage  of  each  bearing.  The  recorded  temperatures  of  the  test 
ranged  from  91°F  to  109°F. 

The  loss  of  measured  axial  spring  rates  ranged  from  2.4%  to  3.4%  for  the 
400  flight  hour  period. 
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Testing  of  the  thrust  bearing  (P/N  80  9588)  has  been  terminated  after  a 
total  of  3  blocks  of  testing  or  300  flight  hours.  First  damage  was  observed  at 
the  O.D.  of  the  bearing  on  the  spline  side  and  at  the  I.D.  on  the  flanged  side. 
Figures  4  and  5  show  the  degree  of  the  damage. 


The  recorded  temperatures  during  the  test  ranged  from  116°F  to  120°F. 
The  loss  of  measured  axial  spring  rates  for  the  two  bearings  was  as 
follows : 


%  Spring  Rate  Change 


Flight  Hours 

SN  00049 

SN  00051 

New 

- 

- 

200 

1.3 

2.6 

300 

1.3 

5.1 
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MODIFIED  SPHERICAL  BEARING 
FIGURE  1.1 
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SPHERICAL  BEARING 
TEST  RIG. 
FIGURE  1.2 
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THRUST  BEARING 
TEST  RIG. 
FIGURE  1.3 
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C.R.  80  9588  (SN  00005)  SPHERICAL 
BEARING  I.D.  AFTER  400  FLIGHT 
HOURS. 

FIGURE  2 
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C.R.  80  9588  (SN  00004)  SPHERICAL 
BEARING  I.D.  AFTER  400  FLIGHT 
HOURS. 

FIGURE  3 
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THRUST  BEARING  I.D. 


FIGURE  4 


THRUST  BEARING  O.D. 
FIGURE  5 
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TEST  RESULTS  ON 
WITH  ON-OFF 


/ 


SECTION  10. 

THE  BLACKHAWK  MAIN  ROTOR  SPHERICAL  BEARING 
CENTRIFUGAL  FORCE  AS  THE  ONLY  LOADING  MODE 
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In  order  to  obtain  some  correlation  between  analytical 
and  experimental  results  for  shell  stress  in  a  spherical 
bearing,  a  sample  was  tested  with  on-off  centrifugal 
force  as  the  only  loading  (see  test  report  in  the  Appen¬ 
dix)  .  This  test  case  can  be  completely  analyzed  by  one 
program  run  of  our  quasi  three-dimensional  finite  element 
analysis  program.  Fig.  1  shows  the  shell  stress  at  the 
I.D.  for  this  loading  case  and  Fig.  2  shows  it  for  the 
O.D.  This  loading  case  is  not  expected  to  produce  failure 
in  the  17-7  PH  stainless  steel  shells.  Shell  failure  was 
not  observed  in  this  test. 

From  results  in  Section  8,  the  predicted  elastomer  life 
under  this  loading  condition  is 

10.6  V 

2  95/2)  =  19,200  cycles 

with  first  damage  predicted  for  the  I.D.  of  the  fourth 
layer.  First  damage  was  experimentally  noted  at  55,000 
cycles  at  the  bearing  I.D.  in  the  zone  of  the  3rd  to 
5th  layers . 
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STRESS  ALONG  O.D.  FOR  AHMRC  SPHERICAL  EB  (14  SHELLS) 

AT  68,000  LBS.  AXIAL  LOAD. 

11/28/79 


APPENDIX 
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Chicago  Rawhide  Mfg.  Co.f  2517  Pan  Am  Blvd.,  Elk  Grove  Village,  III.  60007,  312/595-4620 


<R 

inDWTRIW 


Test  Report 

AMMRC  Contract  D AA- 4 6 - 7 8 -C - 0 0 2 9 
May  2 9  >  19  7  9 


by 

Emmet  M.  Skroch 
Test  Lab  Manager 
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CHICAGO  RAWHIDE  MANUFACTURING  COMPANY 


Test  Report 

This  test  consisted  of  endurance  testing  a  Blackhawk  Main 
Rotor  Elastomeric  Bearing  by  "on-off"  C.F.  loading. 

Prior  to  any  endurance  testing,  the  sample  was  acceptance 
tested  according  to  its'  respective  Sikorsky  approved  ATP 
(ATP  No.  4014  for  80  9588,  Sikorsky  SB7001-045). 

A  spherical  bearing  (P/N  80  9588)  was  axially  loaded  and 
unloaded  from  0  to  68,000  lbs.  at  a  cycling  rate  of  20 
cycles  per  minute  (CPM) .  The  test  part  was  loaded  in  our 
100  KIP  test  rig,  see  Figure  1. 

First  damage  was  observed  after  55,000  on-off  cycles  or 
the  equivalent  of  27,500  flight  hours  as  described  in  the 
AMMRC  test  proposal  of  September  15,  1978,  Black  Hawk 
Rotor  E.B.  Endurance  Life  Test  Block  III.  The  damaged  area 
consisted  of  the  first  10  elastomeric  layers  (smallest 
spherical  radius  being  the  1st  layer)  at  the  I.D.,  in 
varying  degree.  Figure  2  shows  the  predominant  damage 
which  occurred  in  the  zone  of  the  3rd  through  5th  layers. 
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AXIAL  TEST  RIG 
FIGURE  1 
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I.D.  OF  80  9588  (SPHERICAL  BEARING) 
FIGURE  2 
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SECTION  11. 

TEST  RESULTS  ON  THE  ALTERNATE  BLACKHAWK  MAIN  ROTOR  THRUST 
BEARING  WITH  ON-OFF  CENTRIFUGAL  FORCE  AS  THE  ONLY  LOADING 

MODE  . 
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In  order  to  demonstrate  the  ability  of  finite  element 
analysis  to  predict  the  endurance  life  of  the  metal 
shells  in  laminate  elastomeric  bearings  a  marginal 
bearing  design  was  analyzed  in  Section  7  (see  Fig.  1) 
and  tested.  The  test  report  is  included  in  the  appendix. 
The  analysis  of  this  test  case  did  not  require  the  use 
of  superposition.  The  correlation  between  analytic  and 
test  results  should,  therefore,  be  good.  The  correlation 
between  analytic  and  test  results  is  seen  to  be  good  -- 
the  shells  cracked  about  as  predicted. 
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CHICAGO  RAWHIDE  MANUFACTURING  COMPANY 


July  2,  1979 


FINAL  TEST  REPORT 


AMMRC  -  Chevron  Washer 
SK5-80  9590 


Thrust  Bearing 
H90112-1 


The  bearing  tested  January  17-19,  1979  was  pulled  to 
destruction  and  then  soaked  in  toluene  to  remove  the 
rubber  and  observe  the  washers. 


In  the  layer  that  broke  in  the  pull  test,  about  80%  of 
the  rubber  was  destroyed  by  fatigue  damage.  The  pull 
test  values  were: 


Breaking  Load 
Ex  t  en s ion 
Mode  of  F ailur e 


Test  Piece 


Control  Piece 


1,400  lbs. 
0.1  in  . 
100R 


8,200  lbs. 
0.15  in. 

9 OR  10  unfill 


The  cleaned  washers  were  examined  for  cracks.  (Flange 
end-l-52-Spline  end) 

One  radial  crack  in  washer  #22  intersected  the  O.D.. 


Nine  washers  exhibited  tangential  cracks  along  the  top 
of  the  chevron.  (#13,  18,  19,  20,  23,  24,  27,  29,  38) 

Photographs  of  the  cracked  washers  are  attached. 


Tom  Mueller 


TM:  lk 

En c lo  sur  es 
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RADIAL  CRACK 
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TANGENTIAL  CRACK 


Mrv  m 


BEFORE 


AFTER 
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I.D.  DAMAGE 


O.D.  DAMAGE 
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O.D.  CRACK 
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CHICAGO  RAWHIDE  MANUFACTURING  COMPANY 

J anuar y  23  ,  19  7  9 


TEST  REPORT 


AMMRC  -  Chevron  Washer 
SK5-80  9590 


Thrust  Bearing 
H90112-1 


Test  ..Start  :  2:Q0  P.M. 

Stop  :  -  7 : A  6  P . M . 


January  17,  1979 

January  19,  1979 


At  51,300  GAG  cycles  a  cracked  washer  was  observed  on  the 
O.D.  of  the  bearing. 

The  last  inspection  prior  to  the  observation  of  the  crack 
was  at*  45,800  GAG  cycles. 


A  "clicking”  sound  was  heard  about  the  43,000  cycle  mark 
and  went  away. 

i 

The  test  has  been  stopped  to  get  photographs  of  the 
cracked  washer  and  to  decide  on  further  actions  to  be 
taken . 

A  table  of  axial  spring  rates  is  attached. 


)o ^  H  (At  iL_ 


Tom  Mueller 


TM:  lk 
En  c lo  sure 

c  c :  J .  Mo  r 1 ey 

A.  Hatch 
E.  Skroch 
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SK5-80  9590 
H901  12-1 

Axial  Spring  Rate 


Cycles 

Deflection  to  68,000  // 
Inches 

40,000-68,000  // 
Lbs  .  /In . 

0 

0.100 

933,000 

15 ,000 

0.110 

830 , 000 

25 , 000 

0.112 

830 , 000 

30,000 

0.115 

830 , 000 

45,000 

0.115 

830,000 

50 , 000 

0.115 

830 ,000 

Initial  Ht  .  50,000' - -  AhT 

4.202  4.180  .022 


T  .  G  .  M  . 
1-23-79 


Tangent  68,000  // 
Lb  s . / In  . 

1  ,  000 , 000 

1  ,  000 , 000 

950,000 

950 , 000 

890,000 

890,000 
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The  initial  Chevron  Washer  Endurance  Test  for  the  AMMRC  Contract  was 
started  at  2:00  P.M.  January  17,  1979. 

The  test  is  running  with  the  following  parameters: 


1.  Cyclic  axial  load 

2.  Frequency 

3.  Length  of  test 

A.  Inspection  period 
5.  Documentation 


100/68,000/100  lbs. 

20  cpm. 

Until  washer  failure  observed. 
At  least  twice  daily. 

Color  photographs 


a)  Initial  cond i t i on . 


b)  At  point  of  washer 


fa  i  lure. 


This  is  a  modified  SK5-80  9590  thrust  bearing  molded  in  the  80  9589  mold 
with  modifications.  It  has  52  Titanium  A70  washers  of  .030  thickness  and 
.2^5  radius  (see  drawing  attached).  The  end  fittings  are  steel. 

The  bonding  process  on  the  Titanium  was  done  per  P-755A,  which  is  the 
current  production  process  on  the  Sikorsky  main  rotor  bearings  for  Titanium. 


Weight:  9.25# 
Height:  A. 202  in. 


T om  Hue  1 1 er 


TM:  lk 


cc:  J.  Morley,  A.  Hatch,  E.  Skroch 
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DISPOSITION: 

REVISIONS 

LTR 

DESCRIPTION 

DATE 

DA  AWN 

CHK 

APPR 

±.002 

5.100  O.D. 


NOTES: 

1.  I.D.  &  O.D.  MUST  BE  CONCENTRIC  WITHIN  003  T.I.R. 

2.  MUST  BE  FLAT  WITHIN  .005  T.I.R. 


USED  IN  DU: 

METRIC:  1  IN.  -  25.4  mm 

MATERIAL 

UNLESS  OTHERWISE  SPECIFIED 
DIAMETER  ±  .010 

TITANIUM 

HEIGHTS  ±  .005 

ORILLED  HOLES  +  .010  -  .000 

BREAK  SHARP  EDGES  .005  TO  .015 
REMOVE  ALL  BURRS 

FINISH  ALL  OVER  R.M.S. 

CONCENTRIC  WITHIN  .006  T.I.R. 

CORNER  FILLETS  .006 _ .015  R. 

ANGLES  ±  30* 

AMS  4901  OR 
ASTM  B265  GRADE 

4 


CR  INDUSTRIES 

CHICAGO  RAWHIDE  MFG.  CO. 

Mechanical  Products  Division 

NAME: 

WASHER 

SCALE: 

2x 

DATE: 

8-3-78 

CR  DWG.  NO. 

REV. 

DRAWN  BYT] 

-  RZ  1 

1  CHECKED:  [APPROVED 

[^jS 

SK  5-91  9590 
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.025  R.  TYP. 


SECTION  12. 


SUMMARY  AND  CONCLUSIONS 
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An  analytical  method  for  predicting  the  service  life  of 
laminated  elastomeric  bearings  based  on  finite  element 
analysis  has  been  demonstrated.  This  method  has  shown 
generally  good  agreement  with  experimental  results.  The 
analytical  method  makes  use  of  superposition  to  combine 
out-of-phase  strain  vectors  and  quasi  three-dimensional 
strain  analysis  to  find  the  endurance  strain  of  complex 
bearings  undergoing  complex  loadings.  Limitations  on 
superposition  were  indicated  (shell  stress  in  the  sphe¬ 
rical  bearing).  Finally  a  specific  elastomer  endurance 
relationship  was  drawn  from  test  data  on  a  fatigue  spe¬ 
cimen.  With  this  background  the  analytic  analysis  pro¬ 
vided  a  reasonable  estimate  of  the  location  and  time  of 
first  damage  on  the  Blackhawk  main  rotor  spherical  and 
thrust  bearings  tested  as  part  of  this  program.  Good  re¬ 
sults  were  obtained  in  predicting  the  endurance  life  of 
the  metal  shells  in  the  thrust  bearing  but,  a  prediction 
was  not  possible  for  the  spherical  bearing. 

Future  investigations  in  elastomeric  bearing  analysis 
could  involve  the  study  of  some  of  the  following  areas: 

A)  Three-dimensional  finite  element  analysis. 

B)  The  effect  of  the  bias  strain  on  endurance  life. 

C)  The  effect  of  temperature  on  endurance  life. 

D)  The  effect  of  strain  rate  on  endurance  life. 

E)  The  strain-relaxation  characteristics  of  elastom¬ 
ers  under  constant  and  varying  loads. 
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F)  The  effect  of  environmental  media  on  the  endurance 
life  of  elastomers. 

G)  The  measurement  and  control  of  the  physical  pro¬ 
perties  of  the  elastomer. 

H)  The  development  of  a  three-dimensional  shear 
strain  endurance  life  criterion  for  elastomers. 
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